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ABSTRACT The evolution of new and reemerging historic virulent strains of respiratory viruses from animal reservoirs is a sig- 
nificant threat to human health. Inefficient human-to-human transmission of zoonotic strains may initially limit the spread of 
transmission, but an infection may be contracted by touching contaminated surfaces. Enveloped viruses are often susceptible to 
environmental stresses, but the human coronaviruses responsible for severe acute respiratory syndrome (SARS) and Middle East 
respiratory syndrome (MERS) have recently caused increasing concern of contact transmission during outbreaks. We report 
here that pathogenic human coronavirus 229E remained infectious in a human lung cell culture model following at least 5 days 
of persistence on a range of common nonbiocidal surface materials, including polytetrafluoroethylene (Teflon; PTFE), polyvinyl 
chloride (PVC), ceramic tiles, glass, silicone rubber, and stainless steel. We have shown previously that noroviruses are de- 
stroyed on copper alloy surfaces. In this new study, human coronavirus 229E was rapidly inactivated on a range of copper alloys 
(within a few minutes for simulated fingertip contamination) and Cu/Zn brasses were very effective at lower copper concentra- 
tion. Exposure to copper destroyed the viral genomes and irreversibly affected virus morphology, including disintegration of 
envelope and dispersal of surface spikes. Cu(I) and Cu(II) moieties were responsible for the inactivation, which was enhanced by 
reactive oxygen species generation on alloy surfaces, resulting in even faster inactivation than was seen with nonenveloped vi- 
ruses on copper. Consequently, copper alloy surfaces could be employed in communal areas and at any mass gatherings to help 
reduce transmission of respiratory viruses from contaminated surfaces and protect the public health. 


IMPORTANCE Respiratory viruses are responsible for more deaths globally than any other infectious agent. Animal coronavi- 
ruses that “host jump” to humans result in severe infections with high mortality, such as severe acute respiratory syndrome 
(SARS) and, more recently, Middle East respiratory syndrome (MERS). We show here that a closely related human coronavirus, 
229E, which causes upper respiratory tract infection in healthy individuals and serious disease in patients with comorbidities, 
remained infectious on surface materials common to public and domestic areas for several days. The low infectious dose means 
that this is a significant infection risk to anyone touching a contaminated surface. However, rapid inactivation, irreversible de- 
struction of viral RNA, and massive structural damage were observed in coronavirus exposed to copper and copper alloy sur- 
faces. Incorporation of copper alloy surfaces in conjunction with effective cleaning regimens and good clinical practice could 
help to control transmission of respiratory coronaviruses, including MERS and SARS. 
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reatment of infectious disease is currently facing a crisis. per year resulting in 4 million deaths, and approximately 200 mil- 


| Widespread antibiotic resistance has reduced therapeutic op- 
tions against bacterial pathogens. However, there is also a signifi- 
cant threat from reemerging, newly evolving, and zoonotic viral 
pathogens. In addition, new technologies are also able to identify 
previously unknown pathogenic viruses. The majority of these are 
RNA viruses transmitted through the mucosal or respiratory 
route and manifesting as respiratory disease (1). Respiratory vi- 
ruses can cause a wide range of lung disorders ranging from mild 
upper respiratory tract infections to more-severe life-threatening 
pathologies, including bronchiolitis, fever, pneumonia, and acute 
respiratory distress syndrome. The World Health Organization 
(WHO) estimated that there are 450 million cases of pneumonia 
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lion of these are cases of viral community-acquired pneumonia 
(reviewed in reference 2). Common viruses include respiratory 
syncytial virus (RSV), rhinoviruses, influenza virus, parainfluen- 
zavirus, and coronaviruses. Coinfections with two or more patho- 
gens and comorbidities often affect disease severity and prognosis 
and complicate initial diagnosis (3). 

Many coronavirus species are important animal pathogens and 
are often host species specific. In humans, several species, e.g., 
human coronavirus 229E (HuCoV-229E) and NL63 (Alphacoro- 
navirus) and HKU1 and OC43 (Betacoronavirus), are a common 
cause of upper respiratory tract infection. There is an ever-present 
risk of pathogens emerging from animal reservoirs that have at- 
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tained the ability to infect humans. The risk can be increased when 
individuals have continuous and close contact with animals; also, 
climate changes can change the distribution of insect vectors and 
hosts (4, 5). 

In 2003, a highly pathogenic coronavirus believed to have orig- 
inated in bats and palm civet cats transferred to humans in Guang- 
dong Province, China, resulting in cases of severe acute respira- 
tory syndrome (SARS). Over 8,000 people were infected in 37 
different countries, but mostly in Southeast Asia, with 10% mor- 
tality. Inefficient human-to-human transmission, severe restric- 
tions on air travel, closure of many wild-animal markets, and 
quarantine procedures have successfully contained the outbreak 
so far. However, zoonotic transmission of a coronavirus from res- 
ervoirs in bats and possibly camels gave rise to severe respiratory 
infection in individuals in the Arabian Peninsula in 2012. The 
resulting Middle East respiratory syndrome (MERS), which af- 
fects the lower respiratory tract, is clinically similar to SARS but 
pathologically different. A ubiquitous host cell receptor often 
leads to extrapulmonary disease, often in the kidneys, and viral 
progeny are released through apical and basolateral respiratory 
cell surfaces, contributing to the high (up to 40%) mortality rate 
(reviewed in references 6 and 7). Late uncontrolled inflammation 
leads to severe pathologies which are not dependent on viral load, 
and human-to-human spread does occur (reviewed in refer- 
ences 3 and 4). This, combined with a low infectious dose, suggests 
that transmission of very few virus particles via person-to-person 
or contact with contaminated surfaces may be an infection risk. 
Although camels and associated food products have been found to 
contain the virus, a recent study of individuals constantly in con- 
tact with infected herds suggested that zoonotic transmission is 
rare (8) but that the risk may be highest from juvenile animals. 
The risk of transmission is increased, however, in clinical facilities 
(9) and possibly in other crowded public areas, including care 
homes and areas of mass gatherings, such as the Hajj Muslim 
pilgrimage to Mecca. In a recent outbreak in South Korea, MERS 
has so far (July 2015) killed 36 people and infected 186 patients in 
hospital-associated cases associated with the first imported case 
arising from travel to the Middle East (10, 11). 

Surface contamination has recently been found to be more 
significant than originally thought in the spread of many diseases 
(12). Symptoms of respiratory disease often result in continuous 
recontamination of surfaces which are then touched, and infec- 
tious virus particles may be transferred to facial mucosa. In addi- 
tion, ineffective cleaning agents may leave residual particles that 
can initiate infection (13). The use of biocidal surfaces may help to 
reduce the incidence of infections spread by touching contami- 
nated surfaces. Copper alloys have demonstrated excellent anti- 
bacterial and antifungal activity against a range of pathogens in 
laboratory studies (14-19). Copper ion release has been found to 
be essential to maintaining efficacy, but the mechanism of action 
is variable (20, 21). A reduction in microbial bioburden and ac- 
quisition of nosocomial infection has now been observed in clin- 
ical trials of incorporation of copper alloy surfaces in health care 
facilities (22-25). 

Previous studies have shown that murine norovirus (MNV) 
and human norovirus, highly infectious nonenveloped viruses 
that are resistant to environmental stress and impervious to many 
cleaning agents, are destroyed on copper and copper alloy surfaces 
(26-28). HuCoV-229E is associated with a wide range of respira- 
tory disease from mild colds to severe pneumonia in immuno- 
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FIG 1 Persistence of infectious human coronavirus on common surface 
materials. Approximately 10° PFU HuCoV-229E (20 pl infected-cell lysate) 
was applied to 1-cm? coupons of test surface materials and incubated at am- 
bient conditions (21°C; relative humidity, 30% to 40%). Virus was removed 
and assayed for infectivity at various time points as described in the text. 
Although the initial inoculum concentration was quite low, the virus retained 
infectivity for 5 days on all surfaces, except silicon rubber. Therefore, natural 
contamination of common surface material with very few coronavirus parti- 
cles could represent a considerable risk of infection spread if touched and 
transferred to facial mucosa. Error bars represent + SEM, and data are from 
the results of multiple experiments. 


compromised people and has been implicated as an autoimmune 
trigger in multiple sclerosis (29, 30). Infection with this virus oc- 
curs in a high proportion of the population in approximately 
3-year cycles, incurring considerable hidden costs in lost work 
hours, and in this study was also used as a surrogate for the more 
virulent coronaviruses responsible for SARS and MERS (rather 
than using animal viruses or coronaviruses that primarily infect 
the gastrointestinal tract). In addition, a recent study also ob- 
served that HuCoV-229E shares important characteristics with 
MERS-coronavirus and also has an ancestral link with bats (31). 
In this study, the ability of HuCoV-229E to retain infectivity on a 
range of common surface materials was investigated to under- 
stand the risk of disease dissemination. The potential use of bio- 
cidal surfaces to provide constant antiviral activity against contin- 
ual surface recontamination could help to limit the spread of 
respiratory viruses; accordingly, the efficacy of a range of copper 
alloys to inactivate HuCoV-229E was also determined. 


RESULTS 

Coronavirus persists in an infectious state on common surface 
materials for several days. An inoculum of 10° plaque forming 
units (PFU) persisted on polyfluorotetraethylene (Teflon; PTFE), 
polyvinyl chloride (PVC), ceramic tiles, glass, and stainless steel 
for at least 5 days (and 3 days for silicon rubber) at 21°C and a 
relative humidity of 30% to 40% (Fig. 1). 

Rapid inactivation of human coronavirus occurs on brass 
and copper nickel surfaces at room temperature (21°C). Brasses 
containing at least 70% copper were very effective at inactivating 
HuCoV-229E (Fig. 2A), and the rate of inactivation was directly 
proportional to the percentage of copper. Approximately 10° PFU 
in a simulated wet-droplet contamination (20 pl per cm?) was 
inactivated in less than 60 min. Analysis of the early contact time 
points revealed a lag in inactivation of approximately 10 min fol- 
lowed by very rapid loss of infectivity (Fig. 2B). As observed pre- 
viously for norovirus, zinc demonstrated a slight antiviral effect 
compared to that seen with stainless steel (neither metal contains 
copper). 

Copper nickels were also effective at inactivating HuCoV-229E 
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FIG2 Rapid inactivation of human coronavirus occurs on brass and copper nickel surfaces. Approximately 10° PFU HuCoV-229E (20 pl infected-cell lysate) 
was applied to 1-cm? coupons ofa range of brasses (A and B [early time points only]), copper nickels (C), and control metal surfaces that did not contain copper 
(stainless steel, zinc, and nickel). Virus was removed at various time points and assayed for infectivity as described in the text. Coronavirus was inactivated in 
=40 min on brasses and 120 min on copper nickels containing less than 70% copper. Analysis of the initial 30 min of contact between virus and brasses (Fig. 2B) 
reveals an initial lag followed by rapid inactivation. Stainless steel and nickel did not demonstrate any antiviral activity, although mild antiviral activity was 
observed on zinc (this was significant only at 60 min [P = 0.046]). (D) The same inoculum was applied as 1 ul/cm?, was dried immediately to simulate fingertip 
touch contamination, and was found to have inactivated the virus approximately 8 times faster. Error bars represent + SEM, and data are from the results of 


multiple experiments. 


but required higher (90%) copper content to produce a degree of 
inactivation equivalent to that seen with brasses containing 70% 
copper (Fig. 2C). The inactivation time was reduced further in the 
rapidly drying fingertip contamination model by approximately 
8-fold to 5 min for C26000 cartridge brass (Fig. 2D). 

Using the same data for simulated droplet contamination, a 
comparison between brasses and copper nickels containing the 
same percentage of copper, 90% or 70%, is demonstrated in Fig. 3. 
At the higher copper content level, there was little difference in 
efficacy between C22000 and C70600 (Fig. 3A). However, copper 
nickel C72500 was less effective than C70600 although it contains 
the same percentage of copper. The superior antiviral properties 
of C70600 have been observed previously for norovirus and may 
involve the cuprous oxide layer visible as a removable layer (27). 
However, at a lower percentage of copper, the cartridge brass was 
far superior to copper nickel C71500, inactivating virus in approx- 
imately one-third the time (Fig. 3B). 

Copper ion release and generation of reactive oxygen species 
(ROS) are involved in inactivation of HuCoV-229E on copper 
and copper alloy surfaces. HuCoV-229E was inoculated onto 
copper and cartridge brass surfaces (100% and 70% copper, re- 
spectively; Table 1) in the presence of ethylenediaminetetraacetic 
acid (EDTA) and bathocuproine disulfonate (BCS), chelators of 
Cu(II) and Cu(I), respectively. Both chelators initially protected 
the virus from inactivation for up to 2 h (although BCS was still 
protective after 2 h of contact with brass) (Fig. 4A and C). This 
suggests that both ionic species of copper are required directly 
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and/or indirectly for virus inactivation and that Cu(I) may be 
more significant in the longer term. 

Inoculation of coronavirus in the presence of D-mannitol and 
Tiron (4,5-dihydroxy-1,3-benzene disulfonic acid) to quench hy- 
droxyl radicals and superoxide anions, respectively, was done to 
determine if these moieties were involved in the coronavirus in- 
activation mechanism (Fig. 4B and D). Tiron protected the virus 
for the first hour of contact, suggesting that superoxide generation 
is important. However, D-mannitol was minimally protective on 
copper but protected the virus for the duration of the test on brass. 
Increasing the concentration of D-mannitol did not prolong sur- 
vival of infectivity on copper (not shown). This suggests that rapid 
inactivation of coronavirus on copper surfaces is primarily due to 
copper ion release and that the effect of reactive oxygen species is 
minimal. However, as the percentage of copper in the alloy de- 
creased, ROS generation played a more significant role. 

EDTA, BCS, p-mannitol, and Tiron did not significantly affect 
the virus on stainless steel control surfaces or in suspension (not 
shown). 

Inactivation of coronavirus on copper and copper alloy sur- 
faces results in fragmentation of the viral genome, ensuring that 
inactivation is irreversible. Coronavirus was exposed to metal 
surfaces and recovered, and the positive-stranded viral RNA ge- 
nome was extracted and purified. A one-step reverse transcriptase 
real-time quantitative PCR (RTqPCR) was performed to detect a 
139-bp region of ORF1 within nonstructural protein 4 (nsp4). 
Virus that had been exposed to copper and brass surfaces demon- 
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FIG 3 Comparison between brasses and copper nickels (containing the same percentage of copper) used to inactivate human coronavirus to determine if zinc 
content enhances the antiviral effect. Approximately 10° PFU was inoculated onto alloys containing 90% copper for 0, 5, and 20 min (A) or 70% copper for 0, 30, 
and 60 min (B) and was then removed and assessed for infectivity as described in the text. Alloys containing 90% copper were very effective at inactivating human 
coronavirus (A), but variations in efficacy did not appear to be related only to the presence of zinc. The presence of copper nickel C70600 resulted in increased 
efficacy compared to that of copper nickel C72500; that result may be linked to surface oxide layer or copper ion release from this alloy. However, at a lower 
percentage of copper (B), synergy with zinc or Cu(I) release may be important because contact with cartridge brass resulted in virus inactivation that was at least 


3 times faster than that seen with copper nickel C71500. 


strated reduced copy numbers of this fragment with increasing 
contact times (Fig. 5A). Comparison of the entire viral gnome by 
agarose gel electrophoresis confirmed that nonspecific fragmen- 
tation occurred on copper and brass, with fragments becoming 
smaller with increasing contact time (Fig. 5B). 

Exposure to copper surfaces results in morphological changes 
to human coronavirus particles visible in transmission electron 
microscopy (TEM). There was a significant difference in appear- 
ance between purified HuCoV-229E exposed to stainless steel and 
that exposed to copper surfaces (Fig. 6). On stainless steel, uni- 
form virions were visible following a 10-min exposure (Fig. 6A), 
but on copper, clumps of damaged virus particles (Fig. 6B) as well 
as a few intact particles could be seen. The extent of damage in- 
creased upon further exposure to copper (Fig. 6C). 


DISCUSSION 


A combination of genetic reassortment in viruses with segmented 
genomes and point mutations, particularly evident in viruses that 
cause disease in the respiratory tract such as influenza virus and 
coronaviruses, results in constantly changing antigenicity and 
host immune response evasion. This can also affect the attach- 
ment to the host cell receptor and the “host jump” from animals to 
human that can occur if the mutation results in an increased abil- 
ity of the virus to bind to human cells. If this is accompanied by a 
decrease in binding to the original host, then human-to-human 
transmission can occur, presenting a substantial threat of rapid 
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spread of a novel virus throughout the community (reviewed in 
reference 32). 

Viruses causing respiratory infections are spread by droplets 
expelled by coughs and sneezes, which can also contaminate the 
environment 2 m and 6 m away, respectively (33), and a single 
droplet may easily contain an infectious dose (34). Enveloped re- 
spiratory viruses, although more susceptible to environmental 
stress than nonenveloped viruses, have been shown to persist on 
surfaces and contaminate more than 50% of surfaces in household 
and day care centers (35). Animal coronaviruses, including trans- 
missible gastroenteritis virus (TGEV) and mouse hepatitis virus 
(MHV), have been shown to retain infectivity for long periods on 
hard surfaces (36) and for several hours on health care gowns, 
gloves, and masks (37), but human coronavirus 229E (HuCoV- 
229E) did not persist for above a few hours on surfaces (38). In 
contrast, we have observed that a relatively low titer of infectious 
human coronavirus 229E persisted on 5 surface materials, com- 
mon to communal and domestic environments, for at least 5 days. 
Our virus preparation contained a high proportion of lung cell 
debris to mimic natural contamination in respiratory secretions, 
which may have protected the virus from desiccation, and a hu- 
man lung cell line was used for the assay, which may have been 
more sensitive. The relatively low virus concentration used sug- 
gests that higher viral concentrations which can occur in sputum 
may persist for longer periods. During coronavirus infection, the 
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TABLE 1 Composition of metal alloys used for the study 


Coronavirus Persistence on Common Surface Materials 


Main constituent (%) 





Metal(s) UNSID* Common name Copper Zinc Nickel Tin Iron Chromium Manganese 
Copper nickels C70600 Copper nickel 10 89-90 10 <1 
C72500 Cupronickel with Sn 89-90 9 <2 
C71000 Cupronickel 79 20 1 
C71500 Copper nickel 30 70 30 
Brasses C21000 Gilding brass 95 5 
C22000 Commercial “bronze” (does not contain Sn) 89-90 10 
C23000 Red brass 85 15 
C26000 Cartridge brass 70 30 
C28000 Muntz metal 60 40 
Phosphor bronze C51000 “5% A” (contains <0.26% phosphorus) 95 5 
Nickel “silver” C75200 “65/18” 65 17 18 
Copper C11000 Copper 100 
Nickel NO2200 Nickel 100 
Zinc Z13000 Zinc 100 
Stainless steel $30400 “18/8” 8 74 18 


a UNS ID, Unified Numbering System identifier. 


viral load is highest later in the infection and large numbers of 
infectious virus which may also contaminate the surrounding en- 
vironment can be shed as symptoms subside over long periods (4). 
There is scant information on minimum infectious doses, but for 
many respiratory viruses, the minimum infectious dose is believed 
to be low, i.e., just a few virus particles. Coronavirus persistence on 
surfaces represents a considerable infection risk if contaminated 
surfaces are touched and infectious virus transferred to the 
mouth, nasal mucosa, or conjunctiva. Nicas and Best (39) ob- 
served that individuals in office environments touched their face 
an average of 15 times an hour, giving ample opportunities for 
infection spread. The use of antiviral surfaces in health care and 
community facilities could help to reduce infection spread in this 
way. HuCoV-229E was rapidly inactivated on copper surfaces, 
with the inactivation rate being roughly proportional to the per- 
centage of copper in the alloy. Alloys containing >90% copper 
inactivated 10° PFU coronavirus in <30 min, and a surface oxi- 
dation layer or increased copper ion release on C70600 increased 
efficacy, which has been observed for this alloy before (27). Brasses 
were more efficacious than copper nickels at a lower percentage of 
copper. 

Previous studies by our laboratory have shown release of 
copper ionic species to be essential to the efficacy of copper 
surfaces in killing bacteria and inactivating norovirus (26). Us- 
ing chelators, we have determined that Cu(I) and Cu(II) are 
also essential for inactivation of coronaviruses. On brass (70% 
copper), BCS, the chelator for Cu(I), was still protective at 2 h 
of contact, suggesting that inactivation may have been due to 
Cu(II) immediately and to Cu(1) in the long term. Copper ions 
have been shown to directly inhibit proteases by reacting with 
surface cysteine and to inflict damage to the viral genome in 
HIV and herpes simplex virus (40, 41). 

The mechanism of bacterial death on copper surfaces is com- 
plex, involving not only direct action of copper ion on multiple 
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targets but also the generation of destructive oxygen radicals, re- 
sulting in “metabolic suicide” (20). This was not observed for 
norovirus destruction on copper, presumably because of the lack 
of respiratory machinery (26). However, it appears that superox- 
ide and hydroxyl radical generation may be important in the in- 
activation of coronaviruses on copper alloys but that inactivation 
on 100% copper surfaces is primarily due to the direct effect of 
copper ions. Following application of a wet droplet to a copper 
surface, the predominant ionic species to dissolute from the metal 
surface is Cu(II), but reduction to Cu(I) and the Fenton reaction 
with oxidative intermediates from cell debris, molecular oxygen, 
or viral envelope could produce the highly toxic hydroxy] radical. 
ROS are generated in the natural course of coronavirus infection 
(42) and contribute to pathogenesis and apoptosis. Fujimori et al. 
(43) observed inactivation of influenza A H1N1 pandemic 2009 
strain by Cu(1) iodide nanoparticles which involved hydroxyl rad- 
icals and resulted in degradation of hemagglutinin and neuramin- 
idase viral proteins. They surmised that, although there was no 
exogenous hydrogen peroxide to fuel the Fenton reaction (equa- 
tion 3), Cu(I) reacted with molecular oxygen to generate super- 
oxide (equation 1) and, subsequently, hydrogen peroxide (equa- 
tion 2) (which could also produce hydroxyl radicals via the Haber 
Weiss reaction) as follows: 


2Cu* + 20,(aq) > 2Cu?* + 20,7 (1) 
20, + 2H* > H,0, + O, (2) 
Cu* + H,O, > Cu** + OHT + OH’ (3) 


In our results, the Cu(I) chelator BCS protected coronavirus 
on brass surfaces, suggesting that Cut migrating from the metal is 
important in toxicity and supporting the Fenton reaction genera- 
tion of hydroxyl radicals that was observed. Perhaps the reason 
brasses were more effective at inactivating coronavirus than cop- 
per nickels was the increased Cu(I) release and subsequent ROS 
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FIG4 Inactivation of coronavirus on copper and cartridge brass surfaces in the presence of chelators EDTA and BCS (A and C) and quenchers D-mannitol and 
Tiron (B and D) to remove Cu(II) or Cu(1) ionic species and hydroxyl radical or superoxide, respectively. Both chelators protected coronavirus from inactivation 
on copper and brass surfaces, suggesting that release of Cu(I) and Cu(II) is required for antiviral activity. Tiron was protective for the first hour of contact on 
copper and brass surfaces, indicating that superoxide is directly or indirectly involved in the inactivation mechanism. However, D-mannitol gave minimum 
protection on copper but prolonged protection on brass surfaces. Increasing the concentration of D-mannitol did not affect the results (not shown). This suggests 
that copper ions are the main moieties responsible for inactivation of coronavirus on 100% copper surfaces but that generation of hydroxyl radicals becomes 
more significant as the concentration of copper in the alloy is reduced. EDTA, BCS, D-mannitol, and Tiron did not significantly affect the infectivity of 


HuCoV-229E on stainless steel controls or in suspensions (not shown). Error bars represent + SEM, and data are from the results of multiple experiments. 


generation rather than the zinc content, which had only mild an- 
tiviral activity. Presumably, as in bacteria, a multitarget attack on 
enveloped viruses by copper ions and ROS may result in nonen- 
zymatic peroxidation of the envelope (44) and damage to mem- 
brane proteins and the nucleoproteins. 

We have observed previously (27) that exposure to copper sur- 
faces resulted in significant morphological changes to nonenvel- 
oped norovirus, where possible disassociation of the capsid sub- 
units exposed the viral genome to copper inactivation. In this 
study, we observed rapid damage, including clumping, breakage, 
membrane damage, and loss of surface spikes, to the coronavirus 
particles following exposure to copper, and some particles ap- 
peared smaller and seemed to have lost rigidity, folding up on 
themselves. These changes were not observed with virus recovered 
from stainless steel surfaces. 

Analysis of coronavirus genomic RNA from viruses exposed to 
copper and copper alloys revealed a nonspecific fragmentation of 
the entire genome that can also be observed at the gene level by the 
reduction in copy number of a small fragment of nsp4 proteins, 
and the extent of damage increased with contact time. We have 
observed that the reduction in the capsid integrity of norovirus 
allows access of copper ions to the genome inactivating the virus. 
For coronavirus, the envelope and nucleoprotein are likewise 
compromised, and the process occurs more rapidly than with 
nonenveloped norovirus, which has a resistant capsid, to allow 
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copper ion and/or ROS to destroy the genome. Interestingly, there 
was a 10-min delay in inactivation of simulated wet-droplet con- 
tamination which may reflect the time taken to breach the enve- 
lope and disrupt the nucleoprotein which allows access of copper 
ions to the coronavirus genome. Further studies may determine if 
the use of synergistic cleaning agents to weaken the envelope could 
reduce this delay. Sagripanti et al. (45) also reported increased 
sensitivity to solutions of copper ions of enveloped viruses com- 
pared to nonenveloped phages. 

There are concerns about the pandemic potential of MERS, 
especially if the efficiency of interhuman transmission increases 
(46). The majority of cases have been in the Middle East, and 
concerns have been expressed because >2.5 million pilgrims at- 
tend the Hajj in Mecca, Saudi Arabia, aggregating from >180 
countries. Analysis of data since June 2012 resulted in estimates 
that the risks of transmission are low (47, 48), but members of the 
Health Protection Agency (HPA) UK Novel Coronavirus Investi- 
gation team (49) have observed person-to-person transmission 
within a family cluster in the United Kingdom contracted from a 
family member who had visited Saudi Arabia. They also observed 
that the spectrum of symptoms of MERS, including mild and 
asymptomatic disease, is wider than initially realized and that 
spread of the virus may therefore already be greater than expected. 
MERS has so far killed 36 people and infected 186 patients in 
hospital-associated cases in South Korea associated with the first 
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FIG5 Destruction of human coronavirus viral genome on copper and copper alloy surfaces. (A) Analysis of a small fragment (136-bp region of the nsp4 gene) 
of the coronavirus genome revealed a reduction in copy number from virus exposed to copper and cartridge brass surfaces in reverse transcriptase real-time PCR. 
There was some reduction on stainless steel but none in viral suspension (lightest gray bars), suggesting that this was due to sample drying. (B) Analysis of the 
entire viral genome is represented in electrophoretic separation of viral RNA extracted from virus exposed to copper (lanes 1, 4, and 7), cartridge brass (lanes 2, 
5, and 8), and stainless steel (lanes 3, 6, and 9) for 0 min (lanes 1 to 3), 120 min (lanes 4 to 6), and 240 min (lanes 7 to 9). The genomic RNA from virus exposed 
to copper and brass degraded with increased contact time. This did not occur on stainless steel; the genomic RNA remained as fragments too large to pass through 
the gel. However, the total amount of intact RNA was reduced at 4 h, possibly due to drying damage as seen in panel A. Lane 10 represents untreated virus, and 
the unmarked lane is a Bioline marker (Hyperladder I). The same procedure was used with mock-infected cells, revealing the same pattern of RNA breakdown 


following application to copper surfaces (not shown). 


imported case arising from travel to the Middle East (10, 11). The 
current increase in the incidence of MERS has been described as a 
“subcritical epidemic,” but statistics have concentrated on severe 
cases only. It remains to be seen ifthe number of cases continues to 
escalate, and the evolution of SARS and MERS is a timely re- 
minder of the constant threat of other coronaviruses making the 
jump from a large reservoir in wild and domestic animals to the 
human population. Several Hajj pilgrims returning to Austria had 
contracted serious respiratory disease caused by influenza A and B 
virus and not MERS (50), emphasizing that there are multiple 
risks of contacting infectious diseases in any highly populated 
areas. 

The results from this study have shown that a relatively low 
concentration of enveloped respiratory viruses may retain infec- 
tivity on common hard surfaces for longer than previously 
thought and may present a real risk of infection to anyone who 
contacts a contaminated surface. However, human coronavirus 
229E, an important pathogenic virus but also a surrogate for 
MERS coronavirus, which is structurally very similar, was rapidly 
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inactivated on copper alloys. Inactivation results from a combina- 
tion of direct copper ion attack and reactive oxygen species gen- 
eration. The latter is particularly important as the copper content 
decreases, ensuring that rapid inactivation still occurs in alloys 
with lower percentages of copper. Therefore, incorporation of 
copper alloys in communal areas could help to reduce infection 
spread from touching surfaces contaminated with coronaviruses. 
This is especially important in infectious disease where the infec- 
tious dose is low, surface contamination is high, and effective ther- 
apies are limited. The mechanism of action of copper is complex 
and may be enhanced by radical formation but is ultimately non- 
specific, ensuring continuous kill and inactivation of a wide range 
of pathogenic microorganisms with completely different mor- 
phologies. Concerns about the biocide resistance, possible con- 
comitant drug resistance, and horizontal gene transfer that have 
been observed with other biocides (51) can be allayed because of 
the destruction of viral nucleic acid observed following exposure 
to copper surfaces. It is not feasible to cover every surface in cop- 
per, and many materials in the built environment, including stain- 
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FIG 6 Exposure to copper surfaces results in morphological changes to human coronavirus. Purified HUCoV-229E was applied to metal surfaces and then 
removed, and a negatively stained preparation was observed using transmission electron microscopy. (A) Intact virions were visible following exposure to 
stainless steel for 10 min. (B) However, following exposure to copper for 10 min, many virus particles appeared to be disintegrating (indicated by a star), although 
some intact virions were still present (arrow). (C) After a 30-min exposure to copper, further damage had occurred and virions appeared shrunken (indicated by 


a star), with damage to surface spikes (arrow). 


less steel, will continue to be used because of resilience, anticorro- 
sion, and other beneficial attributes. Incorporation of even a few 
copper surfaces may have an impact in effectively reducing trans- 
mission of infectious material from a surface to an individual, 
provided that stringent, regular, and effective cleaning regimens 
are employed for all surfaces. The use of copper does not serve as 
an excuse to relax cleaning regimens. However, the choice of 
cleaning reagents is critical for copper alloys because it is essential 
to maintain copper ion release for efficacy, so avoidance of chela- 
tors is necessary. 

There is now a large body of evidence from laboratory studies 
and small clinical trials to suggest that incorporation of copper 
surfaces could play a significant role in reducing infection trans- 
mission from contaminated surfaces. The time is nigh to investi- 
gate this further on a larger scale, but fears of the installation costs 
appear to be hampering the progress. Given the huge costs, hu- 
man and monetary, associated with the treatment and care of 
patients with hospital-acquired infections, preliminary studies 
have suggested that the initial costs could be recouped within a few 
months (52). New technologies in copper coatings are being de- 
veloped which may allow large-scale community areas, such as 
transport facilities, to be rendered antimicrobial at reduced costs. 
A note of caution: for these to be effective, there must be actual 
contact between copper and the contaminating pathogenic mi- 
croorganisms, because any interference from matrix components 
could result in false economy. 


MATERIALS AND METHODS 


Viral strains and cell lines. Human coronavirus 229E (HuCoV-229E) 
and a fetal fibroblast cell line, MRC-5, were supplied by Public Health 
England (PHE), United Kingdom. Cells were maintained in minimal es- 
sential medium (MEM) supplemented with GlutaMax-1, nonessential 
amino acids, and 5% fetal calf serum and incubated at 37°C and 5% CO,. 
Cells were passaged twice a week using trypsin (0.25%)-EDTA and were 
not used beyond passage 30 (P30) (which occurred before the onset of 
senescence, but susceptibility to infection diminished greatly from P30). 
Viral stocks were prepared by infecting cells at multiplicity of infection of 
0.01 for 4 to 7 days until a significant cytopathic effect (CPE) was ob- 
served. Infected cells were subjected to 3 freeze/thaw cycles, and infected- 
cell lysate was stored at — 80°C. 
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Preparation of sample surfaces. Metal coupons (10 by 10 by 0.5 mm) 
were degreased in acetone, stored in absolute ethanol, and flamed prior to 
use as described previously (19). Metal samples were supplied by the Cop- 
per Development Association and are described in Table 1. Coupons of 
nonmetal surfaces (PTFE, polyvinyl chloride [PVC], ceramic tiles, glass, 
and silicone rubber) of the same size were sterilized by autoclaving at 
121°C and 1.06 X 10° pascals (1.06 bar) for 15 min. Stainless steel controls 
for comparison were also autoclaved for method consistency for these 
experiments. 

Infectivity assay for HuCoV-229E exposed to surfaces. Infected cell 
lysate preparations of HuCoV-229E were spread over coupons of the test 
surface and incubated at room temperature. The virus was removed from 
the coupons at various times and assayed for infectious virus by a plaque 
assay which was a modification of the murine norovirus 1 (MNV-1) assay 
described previously (26). Briefly, coupons inoculated with virus and in- 
cubated for various times at room temperature were added to a tube 
containing 5 ml growth medium and 2-mm-diameter glass beads and 
subjected to vortex mixing for 15 s. Dilutions were prepared in growth 
medium, and 1-ml aliquots were plated onto confluent monolayers of 
MRC-5 cells that had been prepared 24 h earlier in 6-well trays. The 
inoculum was removed after 90 min and replaced with agarose overlays, 
and plates were incubated at 37°C and 5% CO, for 4 to 7 days until CPE 
was evident. The monolayers were stained with vital stain and neutral red, 
and plaques in the monolayer were enumerated. Triplicate samples were 
processed for each time point. 

The effect of copper chelators and reactive oxygen species quenchers 
on infectivity of human coronavirus exposed to copper and copper al- 
loy surfaces. Incorporation of chelators ethylenediaminetetraacetic acid 
(EDTA) (20 mM) and bathocuproine disulfonic acid (BCS) (20 mM) to 
chelate Cu(II) and Cu(1), respectively, at the time of inoculation of virus 
onto the metal surfaces was investigated using a plaque assay. In addition, 
20 mM b-mannitol and 20 mM Tiron (4,5-dihydroxy-1,3-benzene disul- 
fonic acid) were used to quench hydroxy] radicals and superoxide, respec- 
tively. Stainless steel was used as a control surface and to determine if 
quenchers and chelators affect viral replication. 

Purification of viral RNA and analysis of integrity by agarose gel 
electrophoresis. The total RNA of untreated virus or virus exposed to 
metal surfaces (5 coupons per test, with virus removed from coupons by 
pipetting up and down in a small volume [100 pl]) was extracted using a 
Qiagen QIAamp viral RNA minikit according to the manufacturer’s in- 
structions and the carrier RNA provided to prevent degradation. 

Purified RNA fragments were separated on a nondenaturing 1% aga- 
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rose gel using a GelRed nucleic acid prestaining kit (Biotium, United 
Kingdom) according to the manufacturer’s instructions. The staining in- 
tensity is reduced because GelRed binds to single-stranded RNA (ssRNA) 
approximately half as much as to double-stranded nucleic acid. DNA 
ladders were supplied by Bioline. Gels were observed and photographed 
using GeneSnap software and a Syngene UV light box. 

Detection and quantification of a 139-bp region of the coronavirus 
nonstructural gene encoding nsp4 in virus exposed to copper and brass 
surfaces. To determine if exposure to copper affected the viral genome at 
the gene level, a 139-bp region of the gene encoding nsp4 (within poly- 
protein lab replicase) was investigated using a One-Step real-time quan- 
titative PCR (RTqgPCR) diagnostic kit (supplied by PrimerDesign, United 
Kingdom). The kit is based on sequences from HuCoV-229E (GenBank 
accession number NC_002645; anchor nucleotide position 8205). Ampli- 
fication was performed on a BioRad iQ5 cycler, and standard curves were 
prepared from known copy number standards to determine copy num- 
bers in test samples. PCR products were analyzed by gel electrophoresis as 
described above. 

Detection of morphological changes to HuCoV-229E using trans- 
mission electron microscopy (TEM). HuCoV-229E was purified from 
crude infected-cell lysate. Polyethylene glycol (PEG) precipitation (Bio- 
Vision PEG virus precipitation kit) was followed by sucrose density (25% 
to 55%) centrifugation at 96,000 X g for 16 h at 4°C. The virus band was 
resuspended in water and the virus pelleted at 77,000 X g for 1 h at 4°C. 
The supernatant was discarded, the tubes were allowed to drain, and the 
final pellet was resuspended in ice-cold nuclease-free deionized distilled 
water after incubation on ice for 30 min. The preparation was applied to 
copper and stainless steel as described in the Figure 6 legend and was 
removed by gentle pipetting. Samples were fixed, applied to TEM grids, 
washed with water, and stained with 5% ammonium molybdate for 10 s. 

Statistical analysis. Data are expressed as means + standard errors of 
the mean (SEM) and are from the results of multiple independent exper- 
iments. Statistical analyses and representational graphic depictions were 
performed using GraphPad Prism 6. 
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